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Abstract
The generation of turbulent inflow conditions in large-eddy simulation (LES) is a key ingredient for general applications
of LES in both academic turbulent flows and industrial designs with complicated engineering flows. This is because
accurate predictions of the fluid behaviour are strongly dependent on the inflow conditions, particularly in turbulent
flows at high turbulent Reynolds numbers. This paper aims at improving the vortex method (VM) of Sergent [1] that
demands long adaptive distances (12 times the half channel height, for a channel flow at Reτ = 395) to achieve high
quality turbulence, and evaluating the equilibrium of the flow field obtained in terms of both the equilibrium of the
mean flow and that of the turbulence (inter-scale turbulent energy transfer). The mean flow equilibrium is checked
with classic criteria such as the friction velocity. In order to assess the equilibrium of turbulence, we propose using the
velocity-derivative skewness, because it associates with the balance of energy transfer between large- and small-scale fluid
motions. Numerical tests with the optimised set of model parameters reveal that the IVM is very efficient, in terms of
adaptive distance, in generating high-quality synthetic turbulent fluctuations over a moderate distance: 6h for channel
flow and 21δ for flat-plate boundary layer, with h and δ being respectively the half channel height and the nominal
boundary layer thickness.
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1. Introduction
Large-eddy simulation (LES) is becoming more and
more attractive, owing to its explicit description of large-
scale unsteady turbulent motions and the development of
sufficient computing power. LES inflow conditions are of5
great importance as the flow state within the domain of
interest is strongly dependent on the inlet conditions, espe-
cially for turbulent flows at high turbulent Reynolds num-
bers [2, 3, 4, 5]. In general, the requirements for LES inlet
conditions are: (1) being stochastically fluctuating, (2) be-10
ing spatially and temporally correlated, (3) being qualified
by turbulence criteria and (4) being easy to implement.
The LES inflow methods have been reviewed by Keat-
ing et al. [6], Tabor et al. [7] and Sagaut et al. [8]. Accord-
ing to these publications, the existing approaches to gener-15
ate LES inflow conditions can be classified into three major
categories: recycling methods, precursor databases, and
synthetic turbulence methods. Recycling methods rescale
turbulent fluctuations extracted at a downstream position
and reintroduce them on the inlet plane, such as the ap-20
proach of Lund et al. [9]. This imposes a strong spatial
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correlation or periodicity to the flow related to a distance
between the main inlet and the extraction position. Pre-
cursor databases involve performing a separate simulation
of a turbulent boundary layer, generating a library to be25
introduced as inlet condition to the main calculation. This
requires large computing costs for high turbulent Reynolds
number flows and may impose temporal correlation to the
flow due to the finite length of the database. Synthetic tur-
bulence methods aim at directly synthesising turbulence-30
like fluctuations on the inlet plane of the main computa-
tional domain by mathematical functions. However, in-
appropriate fluctuations at inlet cannot sustain turbulent
state and may cause relaminarisation, affecting the main
simulation with mispredicted characteristics. Whilst this35
paper does not attempt to complement the collection of ex-
isting LES inflow methods in the review papers mentioned
above, it is useful to survey previous studies relevant to
the present work.
This paper focuses on the vortex method (VM), a syn-40
thetic turbulence approach (also referred to as synthetic
eddy method). The conception of this method is to imitate
the mechanisms of grid turbulence used in experiments.
Perhaps, the earliest attempt to simulate a flow with VM
was made by Rosenhead [10]. Further developments of45
VMs include studies by Maull [11] and Leonard [12]. Their
approaches are usually applied to 2D problems, e.g. roll-
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up of vortex sheets in flows passing bluff bodies. The VM
proposed by Sergent [1] is based on the Lagrangian form
of a 2D vorticity equation. Active vortices calibrated by50
local turbulent characteristics are injected on a 2D inlet
plane to generate turbulent fluctuations over a given mean
velocity field, allowing the flow to recover as real turbu-
lence within some adaptive distance. Sergent’s VM was
later modified by Mathey et al. [13] with a generalised55
local vortex size described by a turbulent mixing length
hypothesis. Mathey et al. [14] incorporated the modified
VM in the commercial CFD solver FLUENT, and further
applied the VM on problems with more complex geome-
tries. Benhamadouche et al. [15] assessed Sergent’s VM60
for a channel flow at Reτ = 395, a pipe flow at Reτ = 360
and a backward step flow at Reh = 5100. They reported
the adaptation distance for the channel flow was 12 times
the half channel height (h). As a further research of Ben-
hamadouche et al. [15], Jarrin et al. [16] reconstructed65
turbulent fluctuations on mean velocity fields by means of
the Cholesky decomposition of the Reynolds stress tensor,
with a finite amount of eddies. Jarrin et al.’s VM can be
initialised with mean flow statistics from either a precursor
LES or ad-hoc formulae. Further developments of Jarrin’s70
VM considered initial parameters from RANS simulations
[17]. Poletto et al. [18] reported assessments of the VMs of
Sergent and Jarrin et al. for a channel flow at Reτ = 395,
and indicated that the adaptive distance of Jarrin et al.’s
VM was 10h. Poletto et al. also suggested a divergence-75
free improvement on Jarrin’s methodology. Another im-
provement on Jarrin’s VM using a more detailed defini-
tion of the eddy shape-function was reported by Pamie`s et
al. [19]. The VM presents an advantage over other syn-
thetic turbulence methods at a shorter adaptive distance80
to develop realistic turbulence, as reported by Jarrin et al.
[17]. The equilibrium/convergence of mean flows (e.g. fric-
tion coefficient Cf ) using LES inflow methods have been
broadly examined, whereas the equilibrium/convergence
of turbulence is rarely evaluated [20].85
This study aims at improving the performance, in terms
of the adaptive distance, of the original VM developed
by Sergent [1], and at introducing the velocity-derivative
skewness as a new criterion to evaluate the equilibrium of
turbulence. The original VM will be recalled in section90
2, and the methodology to improve the original VM will
also be presented. Prior to validating the improved VM
(IVM), the commonly used criteria for turbulence qual-
ification will be summarised in section 3. The velocity-
derivative skewness, closely linked to the inter-scale turbu-95
lent energy transfer, is presented and introduced as a new
criterion to check the state of the simulated turbulence,
i.e. whether the spectral equilibrium is established or the
turbulence is fully developed. The numerical schemes used
in this study will be briefly introduced in section 4. Next,100
the validations of the IVM against two canonical test cases
will be presented and discussed in section 5. Finally, the
outcomes of this study will be summarised.
2. Vortex method (VM)
Physically, the VM could be considered as a counter-105
part of an active grid turbulence generator used in ex-
periments, aiming at triggering turbulent fluctuations at
the inlet of the computational domain for unsteady sim-
ulations. Vortices injected into the inlet plane by the
VM mimic those obtained with active grids used in lab-110
oratory experiments for generating turbulent flows. One
should note that the VM only generates velocity fluctu-
ations within the inlet plane, i.e. fluctuations are not
yielded for the velocity component in the normal direc-
tion to the inlet plane. Theoretically, the VM is based on115
the Lagrangian form of the 2D vorticity equation.
∂ω
∂t
+ (u · ∇)ω = ν∇2ω (1)
The velocity vector u is,
u = ∇×ψ +∇φ (2)
The vorticity vector is the curl of the velocity vector.
ω = ∇× u (3)
with ψ = (ψ, 0, 0) and ω = (ω, 0, 0). ψ is the 2D
stream function and φ is the velocity potential. Thus the
vorticity component along the streamwise direction can be
expressed as:120
ω = −∇2ψ (4)
The velocity vector at a location x induced by a general
shape vortex centred at x′ is given by the Biot-Savart law:
u(x) = − 1
2pi
∫∫
R2
(x− x′)× ω(x′) · n
|x− x′|2 dx
′ (5)
where n is the unit vector aligned with the positive direc-
tion of the vortex’s rotational axis.
In practice, the vorticity at a location x is a superpo-
sition of vorticities induced by a number of vortices. If N
is the number of vortices injected on the plane and each125
vortex has its own circulation Γi and spatial distribution
ξi, the vorticity at this location is expressed as:
ω(x, t) =
N∑
i=1
Γiξi(|x− xi|, t) (6)
with i denoting the vortex index and xi being the co-
ordinate of its centre. The spatial distribution ξ uses a
modified Gaussian shape [21]:
ξ(x) =
1
2piσ2
(2e−
|x|2
2σ2 − 1)e− |x|
2
2σ2 (7)
where σ is the radius of the vortex.
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Therefore, the velocity vector at x induced by a vortex
field is expressed by:
u(x) = − 1
2pi
N∑
i=1
Γi
(x− xi)× n
|x− xi|2 (1− e
−
|x−xi|
2
2σ2
i )e
−
|x−xi|
2
2σ2
i
(8)
This formula gives a steady velocity field determined
by a vortex field. In order the get a fluctuating velocity130
field for unsteady simulations, the vortices should displace
and inverse directions over time to mimic the Brownian
motion. Now, the parameters of the VM formulation are
listed as follows:
N : Total number of vortices injected on the inlet plane.135
σ: Radius of a vortex.
Γ: Circulation of a vortex.
λ: Free path of a vortex: the distance travelled by a
vortex between successive changes in moving direc-
tion.140
∆τ : Vortex reversal time: a vortex may inverse its direc-
tion after each reversal time ∆τ .
2.1. Original VM
This section introduces the VM of Sergent [1] and Mathey
et al. [13]. The inflow condition is initialised by RANS145
type data whatever they are from a RANS calculation or
are derived from the statistics of an LES simulation. The
unsteady inflow is generated by the VM at each iteration.
The velocity fluctuations are only generated for the two
components within the inlet plane, and no fluctuation is150
imposed for the component in the normal direction to the
inlet plane. The choices of VM parameters are explained
separately.
Total vortex number N
Sergent [1] conducted tests with different vortex num-155
bers N and found that results were independent of N
within the test matrix (N ∈ [100, 300]) performed on chan-
nel flow.
Vortex radius σ
Originally, the vortex radius σ of Sergent’s VM was set160
to an ad-hoc value throughout the injection plane. Mathey
et al. generalised the local vortex radius through a turbu-
lent mixing length hypothesis. The vortex radius is com-
puted by the mean turbulent kinetic energy and turbulent
dissipation rate imposed on the inlet plane:165
σ =
ck3/2
2ε
(9)
where c = C
3/4
µ with Cµ = 0.09. The minimum value of σ
is bounded by the local grid size to ensure that the vortices
are always in the resolved scales.
Vortex circulation Γ
The circulation Γ of the VM is determined by the root170
mean square of the local velocity fluctuations U ′rms. Given
N the number of vortices and S the area of the injection
plane, the circulation Γ can be expressed as follows:
Γ(x) =
√
4piS
N(2 ln 3− 3 ln 2)U
′
rms(x) (10)
where U ′rms =
√
〈v′v′〉+ 〈w′w′〉 only includes the two fluc-
tuating velocity components within the injection plane.175
Taking the isotropic turbulence hypothesis that 〈u′u′〉 =
〈v′v′〉 = 〈w′w′〉 = 23k, the circulation Γ is given as:
Γ(x) = 4
√
piSk(x)
3N(2 ln 3− 3 ln 2) (11)
Vortex free path λ
In the VM, vortices displace randomly within the injec-
tion plane at a velocity of Ud to mimic the Brownian mo-180
tion. Sergent has carried out numerical simulations with
Ud being equal to 1%, 5% and 10% of the inlet bulk ve-
locity Ub. Amongst these three tests, Ud = 5%Ub gave
the best comparison with DNS data. In this approach, a
vortex changes its moving direction between two adjacent185
time steps. So the free path of the vortices λ can be ex-
pressed by Eq. (12). This value was also used in the studies
of Mathey et al. In Sergent’s VM, two kinds of treatments
have been tested when a vortex touches a solid wall. One
is that vortices are destroyed when they reach solid walls190
and the same number of vortices is re-injected on the in-
let plane. The other is that vortices bounce back as they
touch the solid walls. The latter method was preferred
as it provides the conservation of vortex density along the
wall normal direction. This treatment was not considered195
in the studies of Mathey et al.
λ = 5%Ubdt (12)
Vortex reversal time ∆τ
The parameter ∆τ represents a time interval by the end
of which vortices may inverse randomly their rotational
directions. In Sergent’s work, ∆τ is defined with some ad-
hoc values. Mathey et al. introduced a more meaningful
formulation for ∆τ based on the turbulent time scale:
∆τ =
k
ε
(13)
Through a series of systematic studies, Sergent sug-
gests that the most important parameters in the VM are
the vortex radius σ and the vortex displacement velocity200
Ud. In addition, a better convergence can be achieved by
increasing the number of vortices N . However, the turbu-
lent fluctuations generated by the original VM need more
evaluations, such as energy balance, to confirm their qual-
ification.205
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Treatment of boundary conditions
Regarding wall boundary conditions, ghost vortices are
used to compensate the high fluctuating velocity compo-
nents induced by the real vortices, letting the velocity
gradually reduce to zero towards no-slip walls. Similar210
ghost vortices are applied to ensure continuity across peri-
odic boundaries. More details can be found in Refs. [1, 15].
2.2. Improved VM (IVM)
In order to generalise the VM, especially for applica-
tions with complex geometries, the VM parameters need215
to be determined by local turbulence characteristics rather
than ad-hoc values employed in the original VM. Another
issue is that the fluctuating flow field generated is usu-
ally not spatially and temporally correlated as for real tur-
bulence, increasing the adaptive distance. In the present220
study, rather than paying attention to the synthesised in-
let flow field, efforts are made on reducing the adaptive
distance necessary to get accurate statistics. As for the
VM, the IVM only generates velocity fluctuations for the
components within the inlet plane, and no fluctuation is225
created for the third component. Improvements of the VM
are made on four out of the five parameters, except the
vortex number N that has been well studied by Sergent
[1].
Vortex radius σ230
From a point of view of the energy cascade, large-scale
eddies are responsible for the containing and transferring
of energy. Inspired by Mathey et al., the size of these ed-
dies (vortex radius) should be comparable with the energy-
containing length scale:235
σ ∼ L (14)
In the vortex radius formulation for the IVM, σ is cal-
culated from the Kolmogorov scale η that characterises the
smallest eddies.
η ≡ (ν3/ε)1/4 (15)
In order to find out the relation between the Kolmogorov
scale η and the energy-containing length scale L, one should
consider homogeneous isotropic turbulence where the tur-
bulent dissipation rate writes:
ε ∼ u3L/L (16)
with uL being the characteristic velocity of the largest ed-240
dies.
Inserting Eq. (16) into Eq. (15), the energy-containing
length scale can be expressed as:
L ∼ Re3/4t η = Re3/4t (ν3/ε)1/4 (17)
where Ret = uLL/ν is the turbulent Reynolds number.
Therefore, a new formulation for the vortex radius σ245
is proposed in Eq. (18), which relies on the Kolmogorov
scale η and the turbulent Reynolds number Ret.
σ = C1Re
3/4
t (ν
3/ε)1/4 (18)
with C1 a coefficient to be tuned.
For practical reasons in programming and result anal-
ysis, a non-dimensional form of σ is given below, since the250
Navier-Stokes equations are usually solved in non-dimensional
form.
σ+ = σ/L = C1((ν
+)3/ε+)1/4
where ν+ = 1 if ν itself is used as the reference value for
normalisation, and ε+ = ε/(u3L/L) can be directly calcu-
lated with the non-dimensional flow solution as the simu-255
lation is running.
Vortex free path λ
In the VM of Sergent and Mathey et al., the vor-
tices move randomly on the inlet plane with a displace-
ment speed associated with the inlet bulk velocity Ub, and260
change their moving directions between two adjacent time
steps. Thus the vortex free path is the distance a vortex
travels per time step dt, as expressed in Eq. (12). How-
ever numerical tests reveal that most vortices just oscillate
around their initial positions with very small oscillating265
amplitudes.
Therefore, an enhanced vortex displacement pattern is
introduced for the IVM, as illustrated in Fig. 1. It consists
in adding a memory time to the vortex displacement. For
each time interval equal to the time step dt, a vortex moves270
its position within the inlet plane along a certain direction
e with a step length dλ, as suggested in Eq. (19). But this
vortex will hold its moving direction until the distance
it travelled along the direction e reaches its free path λ.
Note that the ad-hoc value of 5% assigned to the vortex275
displacement speed in the VM of Sergent is eliminated in
the IVM formulation. The vortex free path λ should have
an order of magnitude similar to the vortex radius σ and
be much larger than dλ. The formulation of λ for the
enhanced vortex displacement is given in Eq. (20), with280
a coefficient C3 to be determined in different test cases.
This strategy ensures that a vortex is active enough in
moving its position rather than just oscillating around its
original location. The vortices bounce back as they reach
solid walls.285
Vortex
Inlet plane
bounce back
Figure 1: Sketch of the enhanced vortex displacement.
dλ = Ubdt (19)
4
λ = C3σ (20)
Vortex circulation Γ
In order to control the intensity of the fluctuations, an
additional coefficient is added to the original VM’s circu-
lation formula, as given below:
Γ = C2Γ0 = 4C2
√
piSk
3N(2 ln 3− 3 ln 2) (21)
Vortex reversal time ∆τ290
In the IVM, the vortex reversal time ∆τ follows Eq. (13)
suggested by Mathey et al. based on the turbulence time
scale. Also, a coefficient C4 is added to the equation to be
tuned with different test cases.
∆τ = C4
k
ε
(22)
3. Turbulence qualification criteria295
As mentioned in Introduction, the fluctuations gener-
ated by LES inlet conditions must lead to high-quality tur-
bulence within a short adaptive length. Here, high quality
means fully developed turbulence where the spectral inter-
scale energy transfer is in equilibrium. A number of LES300
inflow methods has proved good convergence/equilibrium
of the mean flow fields obtained, but the equilibrium of tur-
bulence was rarely accessed [20]. Prior to validating the
IVM against test cases, the available criteria for qualifying
turbulent flows are summarised in this section. Then the305
proposition of the velocity-derivative skewness as a new
criterion for turbulence qualification will be elaborated.
Those criteria will be used to evaluate the turbulence gen-
erated by the IVM in section 5.
3.1. Existing criteria310
The existing turbulence qualification criteria can be
classified into two categories. One is evolutionary criteria:
this sort of criteria evaluates the state of the flow along a
certain direction (usually streamwise). The other is local
criteria, which examine the flow behaviour at a certain315
location.
Evolutionary criteria
The skin friction coefficient Cf is the wall friction nor-
malised by the free-stream dynamic head. It writes:
Cf =
τw
1
2ρU
2
∞
(23)
where τw is the local wall shear stress, ρ is the fluid density320
and U∞ the free-stream velocity.
For a given flow with a fixed reference velocity, Cf
in a turbulent boundary layer is larger than in a lami-
nar boundary layer. In a laminar boundary layer over
a flat plate, the relation between Cf and Rex is given325
by Eq. (24) (solution of Blasius equation) [22]. In tur-
bulent regime, Michel’s empirical relation [23] applies, as
expressed in Eq. (25).
Cf = 0.664Re
−1/2
x (24)
Cf = 0.0368Re
−1/6
x (25)
The shape factor H12 is the ratio between the displace-
ment thickness δ1 and the momentum thickness δ2 of the330
boundary layer.
H12 =
δ1
δ2
(26)
where δ1 =
∫∞
0
(
1− u(y)U∞
)
dy, and δ2 =
∫∞
0
u(y)
U∞
(
1− u(y)U∞
)
dy
in incompressible form.
Generally, the shape factor H12 is close to 2.6 for a
laminar boundary layer (Blasius solution) and decreases335
to about 1.3 ∼ 1.4 for a turbulent boundary layer [22].
Local criteria
Most commonly, a turbulent boundary layer profile at
a given turbulent Reynolds number should obey the law
of the wall, which includes viscous (y+ < 5), buffer (5 <340
y+ < 30) and log-law layers. This can be assessed by
Eq. (27) (for the viscous layer) and Eq. (28) (for the log
layer).
u+ = y+ (27)
u+ =
1
κ
ln(y+) +B (28)
where u+ = u/uτ is velocity scaled by the friction velocity
uτ , and y
+ = yuτ/ν the distance in wall units. κ ≈ 0.41345
is von Karman’s constant, and B ≈ 5.2.
The mean velocity profile, as well as the profiles of
Reynolds stresses, can also be compared to existing ex-
perimental and DNS data at a similar turbulent Reynolds
number.350
LES directly solves the large-scale fluid motions and
models the small-scale ones. If the turbulent Reynolds
number is sufficiently high, resolved-scale motions issued
from a correct LES simulation should capture some basic
spectral characteristics such as the −5/3 slope of turbulent355
kinetic energy spectra.
3.2. Velocity-derivative skewness
In addition to the convergence/equilibrium of the mean
flow, which can be assessed by the criteria mentioned above,
the equilibrium of turbulence must be verified as well, for360
the flow field generated by a synthetic inflow method. In
turbulent flows, energy is transferred from large-scale ed-
dies to small-scale eddies and is finally dissipated by the
smallest eddies, according to the energy cascade. There
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is also a back-scatter phenomenon that transports energy365
from small-scale eddies to large-scale eddies. The energy
transfer between the large-scale and small-scale fluid mo-
tions must be balanced in a fully developed turbulence. A
simple indicator of this balance or equilibrium of fully de-
veloped turbulence could be the velocity-derivative skew-370
ness.
A number of studies [24, 25, 26, 27] suggests the close
connection between the velocity-derivative skewness and
the transfer of energy between different scales. This rela-
tion can be derived following their publications, which are375
briefly summarised as follows.
The second-order and third-order longitudinal struc-
ture functions are given in Eqs. (29) and (30) for isotropic
turbulence [27]:
DLL(r) =
2
15
r2
∫
κ2E(κ)dκ (29)
DLLL(r) = − 2
35
r3
∫
κ2T (κ)dκ (30)
where E(κ) and T (κ) denote the energy spectrum and the380
nonlinear transfer, respectively. κ is the wave number.
The velocity-increment skewness is then defined as:
S(r) =
DLLL(r)
DLL(r)
3
2
(31)
For very small scale r, inserting Eqs. (29) and (30)
in Eq. (31), the velocity-derivative skewness Sk can be
expressed as:385
Sk = lim
r→0
S(r) =
〈(∂u/∂x)3〉
〈(∂u/∂x)2〉 32 = −
15
3
2
35
√
2
∫∞
0
κ2T (κ)dκ
[
∫∞
0
κ2E(κ)dκ]
3
2
(32)
Equation 32 indicates that Sk directly associates with
the energy transfer. Considering situations at high Taylor-
scale Reynolds numbers (Reλ), if the non-stationarity is
negligible at high wave number κ, or if the turbulence
keeps stationary with a forcing term only active at small390
κ, there is a relation between E(κ) and T (κ):∫
κ2T (κ)dκ ≈
∫
2νκ4E(κ)dκ (33)
thus,
Sk =
〈(∂u/∂x)3〉
〈(∂u/∂x)2〉 32 ≈ −
15
3
2
√
2ν
35
∫∞
0
κ4E(κ)dκ
[
∫∞
0 κ
2E(κ)dκ]
3
2
(34)
Sk is a function of the Taylor-scale Reynolds number
of the flow, as E(κ) depends on it. For a turbulent flow
at a given Taylor-scale Reynolds number, the transfer of
energy from large scales to small scales is balanced by the395
dissipation rate, since the process of the energy cascade
is established or turbulence is fully developed. Therefore,
Sk is a negative value at a certain level depending on the
Taylor-scale Reynolds number.
Some other studies also show evidences that Sk is con-400
stant but dependent on the Taylor-scale Reynolds number,
as summarised in Tab. 1.
Therefore, we recommend using the velocity-derivative
skewness Sk as a new criterion to assess turbulent flows ob-
tained by LES, since it provides a possible measurement405
of spectral energy balance or the non-linear inter-scale in-
teraction of resolved scales. A general three-dimensional
(3-D) formula of the velocity-derivative skewness is given
in Eq. (35):
S∗k =
〈(∂ui/∂xj)3〉
〈(∂ui/∂xj)2〉 32
(35)
In the present study, for simplicity and without losing410
pertinence of the approach, only the longitudinal velocity-
derivative skewness given in Eq. (36) is used.
Sk =
〈(∂u/∂x)3〉
〈(∂u/∂x)2〉 32 (36)
4. Numerical schemes
The numerical simulations have been carried out with
the in-house solver Turb′Flow, developed in LMFA1. This415
code solves compressible Navier-Stokes equations using vertex-
centred finite-volume discretisation on multi-block struc-
tured grids, aiming at simulating complex flows in tur-
bomachinery. Validations of this solver will be given in
section 5, and other validations on corner separation and420
tip leakage flows can be found in Refs. [3, 4].
LES is adopted in this study, where the large-scale fluid
motions are directly resolved and the sub-grid scale (SGS)
fluid motions are modelled. The mesh is considered to
act as a box filter that separates fluid behaviours from425
different scales. The WALE (Wall-Adapting Local Eddy-
viscosity) model proposed by Nicoud and Ducros [34] is
used to predict the SGS behaviours with a model constant
Cw = 0.5. The filter size ∆ is given by the grid cell spacing
based on the cube root of the control volume.430
The inviscid fluxes are discretised with a 4-point cen-
tred scheme, and the viscous fluxes are interpolated with
a 2-point centred scheme. A 4th-order artificial viscosity
is employed, inspired by Jameson [35], to eliminate spuri-
ous grid-to-grid oscillations. An explicit five-stage Runge-435
Kutta scheme with a global constant time step is used for
temporal discretisation.
5. Numerical results and discussions
The IVM is tested on channel flows at two different
turbulent Reynolds numbers, and on a flat-plate bound-440
ary layer. All the five IVM parameters and the associated
constants are investigated. Results are validated and dis-
cussed.
1Laboratoire de Me´canique des Fluides et d'Acoustique, E´cole
Centrale de Lyon
6
Table 1: Experimental and numerical values of the velocity-derivative skewness.
Ref. Data Sk
[28] Channel flow experiment
Sk ∈ [−0.4,−0.3] throughout the channel
Sk ≈ −0.8 near the wall
[29] Homogeneous isotropic turbulence Sk is constant and is dependent on Reλ
[30] Data of Antonia et al. [31], Reλ > 400 Sk ≈ −0.5(Reλ/400)
0.11
≈ −0.26Re0.11λ
[32] Wind tunnel experiment Sk ≈ −0.33Re
0.09
λ
[33] Direct numerical simulation Sk ≈ −(0.32∓ 0.02)Re
0.11±0.03
λ
5.1. Channel flow
The IVM is at first validated and tuned with channel445
flow test cases [36]. An LES of a periodic channel flow at
Reτ = 395 has been carried out and is taken as reference
for parametric tuning of the IVM and result comparison.
A RANS simulation of the same channel have been con-
ducted to provide information, such as profiles of mean ve-450
locity, turbulent kinetic energy, and turbulent dissipation
rate. This information is then used on the inlet plane of
the channel to initiate the IVM simulation. The constants
obtained from the channel flow at Reτ = 395 are applied
to another channel flow at a higher turbulent Reynolds455
number (Reτ = 590).
5.1.1. Periodic channel flow at Reτ = 395
The dimensions of the periodic channel flow test case
are 2pih×2h×pih in the streamwise, wall-normal and span-
wise directions, respectively. The LES mesh, consisting of460
49 × 89 × 41 points, is uniform in both the streamwise
and spanwise directions and follows a tanh distribution
in the wall-normal direction. This yields grid resolutions
in wall units in the streamwise, wall-normal and span-
wise directions: ∆x+ = 52, ∆y+ = 0.5 and ∆z+ = 31.465
No-slip adiabatic wall conditions are applied on the up-
per and lower walls of the channel, and the boundaries of
the other two directions are linked by periodic conditions.
The flow is driven by a source term added to the momen-
tum and energy equations, maintaining the mass flow rate470
in the streamwise direction. A dimensional time step of
1 × 10−7s is used in the LES simulations, corresponding
to a Courant number (under the CourantFriedrichsLewy
condition) of 2.8. A standalone RANS simulation has been
conducted on the same grid2, using the standard Wilcox475
k − ω model (1988) [37] to close the RANS equations.
A comparison of the friction velocity is given in Tab. 2
for a dimensional half channel height h = 0.01m. The LES
with the WALE SGS model slightly over-predicts uτ , while
RANS under-estimates uτ by 9%. The comparisons of the480
channel flow mean velocity and velocity fluctuation profiles
between the DNS of Kim et al. [36], LES, and RANS are
shown in Fig. 2. A good agreement on the mean velocity
profiles is observed between the three simulations. The
LES gives very good predictions of the components u′+rms,485
2For practical reasons, the RANS simulation was performed in
3-D. A two-dimensional (2-D) RANS would be sufficient.
v′+rms, u
′v′, and also shows a reasonably good comparison
on w′+rms in terms of the peak location and amplitude level.
The RANS model yields 〈u′u′〉 = 〈v′v′〉 = 〈w′w′〉 = 23k,
with a 50% under-estimate of the turbulent kinetic energy
k.490
Table 2: Comparison of the channel flow friction velocity uτ .
DNS [36] LES RANS
uτ [m/s] 0.590 0.595 0.536
Error (
uτ−uτ,DNS
uτ,DNS
) [-] N.A. +0.85% −9.15%
Figure 2: Comparison of channel flow results at Reτ = 395, between
the DNS of Kim et al. [36], LES and RANS. (a) mean velocity profile,
(b) velocity fluctuations.
5.1.2. Channel flow LES at Reτ = 395 with IVM: para-
metric tuning
The IVM is applied to the same channel flow as dis-
cussed above. The upstream boundary is set as inlet where
the IVM is initiated based on the RANS solution obtained495
previously. The downstream boundary is defined as outlet
using a pressure boundary condition mixed with a non-
reflective condition, allowing a partial evacuation of spu-
rious acoustic waves. The other boundaries keep the same
conditions as for the periodic channel flow. The effect500
of the number of vortices have been already investigated
by Sergent [1]. Since the IVM is only applied on a 2-D
plane, the computation cost increase with the number of
vortices is marginal at todays computing capability. The
total number of vortices injected on the inlet plane is set505
to 800.
The constants of the IVM are calibrated separately and
systematically using the periodic LES data, in terms of the
Cf evolution, and the mean velocity and velocity fluctua-
tion profiles. An appropriate choice of the IVM constants510
must allow the Cf to recover approximately its original
7
value within a short adaptive distance and must allow the
mean velocity and velocity fluctuation profiles to agree as
well as possible with the periodic LES data. Finally, the
evolution of Sk is introduced for the results with the best515
choice of the constants.
Vortex radius σ
As already discussed, the vortex radius σ should be
comparable with the turbulence energy-containing scale
L, which provides a guide for choosing an appropriate con-520
stant C1. The range from y
+ = 10 to 100 is of significant
importance. A run list in Tab. 3 is proposed, according to
a comparison of L+ and σ+ from the RANS channel flow
solution, plotted in Fig. 3. The choices of C1 are such that
σ+ is comparable to L+ from y+ = 10 to 100. The other525
IVM parameters, set to unity, are to be tuned later. The
vortex free path follows the approach of the original VM
in Eq. (19), with its moving direction changing between
successive time steps.
Table 3: Run list for the coefficient calibration of the vortex radius
σ.
Test case C1 in σ C2 in Γ C3 in λ C4 in ∆τ
TC1a 1 1 λ = dλ 1
TC1b 1/2 1 λ = dλ 1
TC1c 1/4 1 λ = dλ 1
TC1d 1/16 1 λ = dλ 1
101 102
y +  [-]
10−2
10−1
100
L
+
, σ
+
 [-
]
L +
TC1a
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TC1d
Figure 3: Comparison of L+ and σ+ obtained from the RANS chan-
nel flow solution.
The plots of velocity fluctuations generated at inlet by530
the IVM with different C1 are shown in Fig. 4, in com-
parison with the periodic channel flow LES. The velocity
fluctuations u′+rms and the Reynolds shear stress 〈u′v′〉+
are null. This is because the IVM is based on a 2D vor-
ticity field, only producing velocity fluctuations within the535
inlet plane (for the components v and w). Similar trends
are observed for v′
+
rms and w
′+
rms: the smaller the constant
C1, the higher the peak value and the shorter the wall
distance of the peak.
The vortex radius can affect the velocity fluctuations540
at the inlet, but the most important issue is the stream-
wise development of turbulence. The tuned coefficient C1
should allow the IVM simulation to recover the correct
value of Cf and the profiles of the periodic LES as soon
as possible downstream of the inlet.545
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Figure 4: Channel flow velocity fluctuation profiles for different val-
ues of C1 at inlet.
The wall friction coefficient Cf of the channel flow us-
ing the IVM with four different values of C1 is plotted in
Fig. 5 (a). On the same figure, the Cf of the periodic LES
is plotted, which is a constant and equals the value at the
IVM inlet as the mean velocity profile extracted from the550
periodic LES results are imposed as the IVM inlet condi-
tion. The test case ‘TC1a’, which has the largest vortex
radii, shows a continuous drop of Cf from the inlet to the
outlet. This indicates that the flow is relaminarising. In
the test case ‘TC1d’, where the vortices have their min-555
imum radii, a big jump of Cf is observed near the inlet
and it then decreases to a constant value. These two cases
indicate that neither too big nor too small vortex radii are
favourable to generate turbulence. For the other two test
cases, a drop is observed within the first half of the chan-560
nel length and the Cf tends to recover its original value.
The test case ‘TC1c’ achieves the best recovery of Cf .
(a)
Figure 5: Channel flow friction coefficient Cf (a) and mean velocity
profiles at x = 6h (b) with different values of C1.
The profiles of the channel flow mean velocity and ve-
locity fluctuations at x = 6h are plotted in Figs. 5 (b) and
6, respectively. Again, the test case ‘TC1c’ obtains the565
best agreements with the periodic LES results. One should
notice that u′
+
rms and 〈u′v′〉+, which are null at inlet due
to the absence of streamwise velocity fluctuations, match
8
very well the periodic LES data. This suggests that the
2D velocity fluctuations generated by the IVM are capa-570
ble to excite the streamwise fluctuating velocity. Therefore
‘TC1c’, whose radii are well amid the integral length scales
as shown in Fig. 3, is selected as the optimal guidance to
define the vortex radius σ.
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Figure 6: Channel flow velocity fluctuation profiles at x = 6h with
different values of C1.
Vortex circulation Γ575
The second parameter of the IVM to be tuned is the
vortex circulation Γ. A test list is given in Tab. 4. The
coefficient C2 is calibrated in this part, leaving the vortex
free path and reversal time unaltered. Given that the ini-
tial guess of C2 = 1 in ‘TC1c’ refers to the original VM580
by Sergent, two other larger values are to be tested that
may further amplify the velocity fluctuations on the inlet
plane. The velocity fluctuations plotted at the inlet with
different C2 are similar to those in Fig. 4, and are thus
omitted for brevity. Thereafter, the inlet velocity fluctua-585
tion profiles generated by the IVM during the parameter
tuning process will not be plotted. Again, with the IVM,
it’s not the velocity fluctuation profiles at inlet but the
evolution of the flow (Cf ) and the characteristics at outlet
that are of interest.590
Table 4: Test list for the coefficient tuning of the vortex circulation
Γ.
Test case C1 in σ C2 in Γ C3 in λ C4 in ∆τ
TC1c 1/4 1 λ = dλ 1
TC2a 1/4 1.2 λ = dλ 1
TC2b 1/4 1.6 λ = dλ 1
The plot of Cf with different circulation constants C2
is shown in Fig. 7 (a). All the three test cases show an
evolution of Cf decreasing and recovering near its origi-
nal value, giving satisfactory convergences. Among them,
‘TC2a’ and ‘TC2b’ give better recoveries of Cf by the end595
of the computational domain.
(a)
Figure 7: Channel flow friction coefficient Cf (a) and mean velocity
profiles at x = 6h (b) with different values of C2.
The mean velocity and velocity fluctuation profiles near
the outlet of the channel can be scrutinised in Figs. 7 (b)
and 8, respectively. The three simulations give good pre-
dictions in comparison with the periodic LES results. How-600
ever, the test cases ‘TC2a’ and ‘TC2b’ both show a better
agreement with the periodic LES, in terms of the mean
velocity profile. This means these two circulation coeffi-
cients are both within the reasonable range. To continue
the study, the coefficient of ‘TC2a’ is kept.605
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Figure 8: Channel flow velocity fluctuation profiles at x = 6h with
different values of C2.
Vortex free path λ
The third IVM parameter to be investigated is the vor-
tex free path λ. Instead of letting λ = dλ, i.e. vortices
change their moving direction between successive itera-
tions, the IVM requests that a vortex must hold its moving610
direction for a predefined distance λ. Three test cases are
proposed here to tune the third parameter coefficient C3,
and are summarised in Tab. 5. The values are defined
from a geometric progression with a common ratio of 2.
The fourth coefficient C4 is left to be tested later.615
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Table 5: Test cases for the coefficient calibration of the vortex free
path λ.
Test case C1 in σ C2 in Γ C3 in λ C4 in ∆τ
TC3a 1/4 1.2 1/32 1
TC3b 1/4 1.2 1/16 1
TC3c 1/4 1.2 1/8 1
The evolution of the channel flow Cf is shown in Fig. 9 (a).
A common feature is seen for the three cases, i.e. Cf en-
counters a steep drop from the inlet to 2/3pi and then rises
gradually towards its original value. A convergence is seen
between ‘TC3a’ and ‘TC3b’, recovering a Cf close to the620
inlet value. ‘TC3c’ is different from the former two with a
poorer recovery of Cf , implying that the vortex free path
may be excessive.
Figure 9: Channel flow friction coefficient Cf (a) and mean velocity
profiles at x = 6h (b) with different values of C3.
In Figs. 9 (b) and 10, the profiles of the mean ve-
locity and velocity fluctuations are plotted in comparison625
with the periodic channel flow LES. With regard to the
mean velocity profile, a very good agreement with the pe-
riodic LES is achieved by both ‘TC3a’ and ‘TC3b’. The
non-dimensional velocity u+ is slightly over-predicted by
‘TC3c’ in the channel centre. A very good agreement is ob-630
served for the velocity fluctuations, especially in the region
far from the wall compared with the previous test cases
(Figs. 6 and 8) where the curves approach zero at high
y+. This suggests that the vortices should be active for a
longer period of time to perturb the unsteady flow field,635
especially for the region far from the wall. To conclude
this part, ‘TC3c’ introduces excessive vortex free path,
and a value of C3 within the range provided by ‘TC3a’
and ‘TC3b’ is reasonable. To continue the study, the co-
efficient C3 is set to the value of ‘TC3b’ (C3 =
1
16 ).640
Vortex reversal time ∆τ
The last IVM parameter to be determined is the vortex
reversal time ∆τ , by the end of which a vortex will ran-
domly inverse its rotating direction. A test list is proposed
in Tab. 6 by varying the coefficient C4. The option ‘TC3b’645
is the default choice of the original VM.
The development of the channel flow wall friction co-
efficient Cf is shown in Fig. 11 (a). ‘TC4a’, which has the
shortest vortex reversal time, relaminarises. The other
three cases succeed in reinstating turbulent state. ‘TC4b’650
−1
0
1
2
3
[-]
TC3a
u′ +rms v′ +rms w′ +rms ⟨u′v′⟩+ LES⟨ref⟩
100 101 102
y + ⟨[-]
TC3b
100 101 102
y + ⟨[-]
−1
0
1
2
3
[-]
TC3c
Figure 10: Channel flow velocity fluctuation profiles at x = 6h with
different values of C3.
Table 6: Test list for the coefficient tuning of the vortex reversal time
∆τ .
Test case C1 in σ C2 in Γ C3 in λ C4 in ∆τ
TC4a 1/4 1.2 1/16 0.1
TC3b 1/4 1.2 1/16 1
TC4b 1/4 1.2 1/16 10
TC4c 1/4 1.2 1/16 100
and ‘TC4c’ show a converging effect of the vortex reversal
time.
Figure 11: Channel flow friction coefficient Cf (a) and mean velocity
profiles at x = 6h (b) with different values of C4.
From the channel flow mean velocity plotted in Figs. 11 (b),
it is clearly observed that all the cases, except ‘TC4a’,
achieve an excellent agreement with the periodic channel655
flow LES data. A similar observation can be made on the
velocity fluctuation profiles, shown in Fig. 12, where the
convergence is seen between ‘TC4b’ and ‘TC4c’. Through
all the comparisons in this section, ‘TC4b’ appears to pro-
vide a sufficient vortex reversal time.660
Till now, the turbulence generated by the IVM has
been validated with the periodic channel flow LES results
in terms of the wall friction coefficient, the mean velocity
profile and the velocity fluctuations. Thus ‘TC4b’ is se-
lected as the calibration of the IVM for the channel flow665
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at Reτ = 395, with the best choices of all the four IVM
coefficients, which are listed in Fig. 7.
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Figure 12: Channel flow velocity fluctuation profiles at x = 6h with
different values of C4.
Table 7: Tuned IVM coefficients for the channel flow at Reτ = 395.
Test case C1 in σ C2 in Γ C3 in λ C4 in ∆τ
800 1/4 1.2 1/16 10
Convergence check with longer channel: 3pih
The channel flow LES with the IVM is further extended
to 3pih in the streamwise direction to evaluate the conver-670
gence of the adaptive distance. The comparison of the
friction coefficient Cf is in Fig. 13 (a) between the 2pih
and the 3pih channels. The convergence of Cf , which rep-
resents the convergence of the mean flow, is achieved at
about x = 6h in both cases.675
A further scrutinisation is made to check the balance
of energy transfer of the turbulence generated. As pro-
posed in this paper, this can be measured by the velocity-
derivative skewness Sk. The evolution of the Sk of the
turbulent channel flow with the optimised IVM is plotted680
at y+ = 10 and 100 in Fig. 13 (b) for both the 2pih and
the 3pih channels. For both curves of the 2pih channel,
Sk is null at inlet as no streamwise velocity fluctuation is
given by the IVM. Downstream of the inlet, Sk evolves
until x/h = 0.5pi. The oscillations then gradually stabilise685
around Sk = −0.5 at x/h = 6, indicating that high quality
turbulence is established, and the energy transfer is bal-
anced between large- and small-scale motions. Note that
the value of Sk = −0.5 is commonly used as reference, in
various two-point studies of turbulence [38]. A compara-690
ble feature is observed between the evolutions of Cf and
Sk: both evolve downstream of the IVM inlet and sta-
bilise around a constant value close to the outlet. This
means both the mean velocity field (measured by Cf ) and
energy equilibriums (evaluated by Sk) comply with real695
turbulence. These two evolutionary parameters should be
considered together when evaluating a turbulent flow gen-
erated by the IVM. A very similar behaviour is observed
on the curves of the 3pih channel: Cf and Sk are already
converged at x = 6h and are not altered by the increase700
of the channel length.
Figure 13: Channel flow results with different channel lengths: 2pih
vs 3pih. (a) Friction coefficient Cf , (b) Velocity-derivative skewness
Sk.
The comparisons of the mean velocity profiles and the
Reynolds stresses are shown in Fig. 14 between the 2pih
and the 3pih channels. The profiles of the 2pih channel are
extracted at x = 6h, while those of the 3pih channel are705
obtained at x = 9.3h. The overlapping profiles shown in
the figure reveal that an adaptive distance of 6h is long
enough for a channel flow LES with the IVM to be statis-
tically converged. This is consistent with the evolutions of
Cf and Sk. Compared with the original VM that requires710
x/h = 12 [39] and the synthetic-eddy method of Jarrin
et al. [17] that requires at least x/h = 10 to achieve a
fully developed turbulent channel flow, the IVM is very
efficient, in terms of adaptive distance (x/h = 6) to obtain
high quality turbulence.715
Figure 14: Mean velocity (a) and velocity fluctuation (b) profiles in
different channel lengths: 2pih vs 3pih.
5.1.3. Channel flow LES with IVM at Reτ = 590: valida-
tion
The IVM is further validated with a channel flow at a
higher turbulent Reynolds number Reτ = 590 [36]. The
dimensions of the channel are again 2pih× 2h× pih in the720
streamwise, wall-normal and spanwise directions, respec-
tively. h = 0.01m is the channel half height. With regard
to the mesh, 73× 131× 61 points are allocated using uni-
form grids in the x and z directions and tanh distribution
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in the wall normal direction. This yields grid resolutions725
in wall units: ∆x+ = 52, ∆y+ = 0.5 and ∆z+ = 31. The
same boundary conditions are employed as for the channel
flow LES with the IVM at Reτ = 395. The mean flow and
turbulent variables of the inflow are initialised by RANS
results at Reτ = 590. The time step used is 5×10−8s, cor-730
responding to a Courant number of 2.1. Numerical tests
revealed that the IVM coefficients tuned on the Reτ = 395
channel test case, listed in Tab. 7, are well adapted to this
Reτ = 590 case. This is illustrated as follows.
Prior to the IVM simulation, a periodic LES with stream-735
wise periodic boundary conditions have been conducted
and compared with the DNS of Kim et al. [36] and RANS.
The comparisons of mean velocity and velocity fluctuation
profiles are shown in Fig. 15. A good agreement of the
mean velocity profiles is observed. A slight shift from the740
DNS is found by LES in the log layer and is considered to
be due to the slight overestimate of uτ . With regard to
the velocity fluctuations, the inner peak is well captured
by the LES with a slight over-prediction of the peak ampli-
tude. The RANS turbulent kinetic energy profile is com-745
pared with those of the DNS of Kim et al. [36] and the
LES, as RANS models based on Boussinesq assumption
cannot represent the anisotropy of the Reynolds stresses.
It should be noted that the standard k− ω model doesn’t
correctly capture the peak of k. The influence of this flaw750
on the IVM turbulence generation will be investigated.
Figure 15: Channel flow mean velocity (a) and velocity fluctuation
(b) profiles, at Reτ = 590. DNS data from Kim et al. [36].
The velocity fluctuations generated by the IVM on the
2D inlet plane are illustrated in Fig. 16 (a). The two com-
ponents v′
+
rms and w
′+
rms are comparable to the v
′+
rms profile
of the periodic channel flow LES, while the other two com-755
ponents are null as they involve u′ which is not produced
by the IVM on the inlet plane.
The friction coefficient Cf , plotted in Fig. 16 (b), initi-
ates at 5.5×10−3, then decreases steeply, and progressively
recovers near its initial value at about x = 6h.760
The profiles of the channel flow mean velocity and ve-
locity fluctuations are extracted near the outlet at x = 6h
and shown in Fig. 17. The mean velocity profile u+ of
the IVM achieves a very good agreement with the peri-
odic channel flow data. About the velocity fluctuations,765
very good agreements are observed for the terms v′
+
rms,
w′
+
rms and 〈u′v′〉+, whilst the comparison of the velocity
fluctuations u′+rms is acceptable between the IVM and pe-
Figure 16: Channel flow (Reτ = 590) velocity fluctuation profiles at
inlet (a) and friction coefficient Cf (b).
riodic LES data, showing a gentler drop above the peak
in the IVM. It should be reminded that the same IVM770
coefficients, tuned in the channel flow at Reτ = 395, are
directly applied to the channel flow at Reτ = 590 in this
section. This indicates some robustness of the IVM.
Figure 17: Profiles of the channel flow (Reτ = 590) mean velocity
(a) and velocity fluctuations (b) at x = 6h.
The evolutions of the channel flow velocity-derivative
skewness Sk at two near-wall positions are plotted in Fig. 18.775
They both have an initial value around 0 and stabilise by
oscillating around a constant value of −0.5. This indi-
cates that realistic turbulence is established, in which the
transfers of energy between different scales are balanced.
To summarise this section, synthetic velocity fluctua-780
tions have been generated by the IVM at the inlet of a
channel flow at Reτ = 590, and high-quality turbulence
established within a short adaptive distance x/h = 6.
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Figure 18: Velocity-derivative skewness Sk for the channel flow
(Reτ = 590) LES with IVM.
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5.2. Flat-plate boundary layer
Generating turbulent boundary layers is particularly785
useful as they are usually required as inflow condition for
the main computation downstream, as mentioned in In-
troduction. A turbulent boundary layer can be initialised
from a laminar boundary layer at the inlet and forced to
transition at sufficiently high Reynolds number. Fully de-790
veloped turbulence will be established after the transition.
This process often takes a long streamwise extent. The
idea is to reduce the computing costs by setting the IVM
on a plane where the flow state is fully developed, up-
stream of the position of the desired turbulent Reynolds795
number. In the present section, a classic flat-plate bound-
ary layer LES is conducted and is used as reference to
validate the flat-plate boundary layer LES with the IVM.
5.2.1. Full-length flat-plate boundary layer LES at Reδ2 =
1968 (reference LES)800
The IVM is tested with a flat-plate boundary layer
at Reδ2 = 1968, inspired by Jime´nez et al. [40]. The
reference geometry defined in [39] is used in this study:
the streamwise extent Lx = 0.3m, the wall-normal height
Ly = 2δ(x = Lx) = 11.7mm and the spanwise width805
Lz = δ(x = Lx) = 5.86mm, where δ is the nominal
boundary layer thickness estimated by the 1/7 power-law
velocity-profile model [22]. The spanwise boundaries are
connected by a periodic boundary condition, and the up-
per boundary with −0.5◦ inclination is set as outlet. The810
mesh of the computational domain consists of 829×39×43
points, yielding grid resolutions of ∆x+ < 83, ∆y+ < 2
and ∆z+ < 32. A global constant time step of 4 × 10−8s
is used for the flat-plate LES simulations, which gives a
Courant number of 1.8. The laminar-turbulent transition815
is forced by a source term that acts as a tripping band,
following Boudet et al. [39].
A comparison of the LES results with the DNS data of
Jime´nez et al. for the full-length flat-plate boundary layer
[40] is shown in Fig. 19. Reasonably good agreements are820
observed between the LES and DNS. A slight difference in
the mean velocity profiles appears to be due to the under-
estimate of the friction velocity uτ by the LES. Hereafter,
these full-length LES results are used as reference to tune
and validate the IVM.825
Figure 19: Mean velocity (a) and velocity fluctuation (b) profiles of
the full-length flat-plate boundary layer at Reδ2 = 1968.
5.2.2. Flat-plate boundary layer LES with IVM
With the IVM, computing costs can be reduced by
simulating only a downstream proportion of the flat-plate
boundary layer. A sketch is presented in Fig. 20. The
IVM computational domain starts from a plane after the830
transition, at Reδ2 = 988 (x = 0.1243m), on which the
IVM is implemented, and terminates at the same position
as the full-length LES. The profiles of mean velocity, tur-
bulent kinetic energy and turbulent dissipation rate, which
are required by the IVM, are calculated from the reference835
LES at Reδ2 = 988. Note that the IVM inlet could be also
initialised with RANS solutions as discussed above. But
in this section, the RANS simulation is omitted since the
available full-length LES data can provide information for
the IVM initialisation, and RANS simulations would give840
good statistics similar to the LES for this kind of simple-
geometry flows.
Full-length computational domain
IVM computational domain
Full-length inlet
IVM inlet
Trip
Outlet
Figure 20: Sketch of the IVM implementation in the flat-plate bound-
ary layer simulation.
Since the flow features of a flat-plate boundary layer
are different from a channel flow, the IVM parameters
need to be re-tuned. For brevity, only the tuned constants845
are presented in this section, as the procedure of tuning
has been introduced previously. The coefficients are listed
in Tab. 8. In this test case, 400 vortices are injected on
the inlet plane. The coefficient of the vortex radius is set
to C1 = 1/80, according to the integral length scale at850
Reδ2 = 988 plotted in Fig. 21 (a). The circulation of the
vortices is decreased (C2 = 0.5) to avoid excessive fluctua-
tions, as the size of the vortices is smaller than that of the
channel flow. The other two parameters are found insensi-
tive to the changes from the channel flows to the flat-plate855
boundary layer.
Table 8: Tuned IVM coefficients for the flat-plate boundary layer at
Reδ2 = 1968.
Test case C1 in σ C2 in Γ C3 in λ C4 in ∆τ
400 1/80 0.5 1/16 10
The velocity fluctuations generated by the IVM on the
inlet plane are plotted in Fig. 21 (b). The components
u′
+
rms and 〈u′v′〉+ are null as no fluctuation is excited in
streamwise direction by the IVM. v′
+
rms and w
′+
rms gener-860
ated by the IVM have the same order of magnitude as
those of the reference LES but are closer to each other.
Snapshots of the instantaneous streamwise vorticity along
with velocity vectors built by the IVM on the inlet plane
are shown in Fig. 22. Vorticity contours with positive and865
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Figure 21: (a) Comparison of L+ and σ+ obtained from the flat-plate
boundary layer LES solution at Reδ2 = 988. (b) Velocity fluctuation
profiles at inlet for the flat plate IVM LES, at Reδ2 = 988.
negative values are combined by the vortices of different
radii and circulations injected on the inlet plane. Differ-
ences between the two snapshots are obvious, suggesting
that the vortices are indeed enough active to move away
from their original positions and to inverse their rotating870
directions. The vortices are very active in the near-wall
region where the turbulent behaviour is intense. Also, the
vanishing amplitude of the velocity vectors on the wall
is consistent with the no-slip wall treatment. The IVM
provides initial 2-D perturbations at inlet, but the investi-875
gation must analyse how turbulence develops downstream.
Figure 22: Instantaneous streamwise vorticity contours with velocity
vectors on the inlet plane, at two different iterations, for the flat plate
IVM LES.
Figure 23 presents a comparison of the flat-plate bound-
ary layer evolution between the reference LES and the IVM
LES. The IVM LES starts at Reδ2 = 988 (x = 0.1243m).
The evolution of the momentum thickness δ2 is plotted in880
Fig. 23 (a), in comparison with Blasius’ solution (laminar)
and Michel’s law (turbulent). The curve of the IVM LES
starts at the same δ2 as the reference LES (used for ini-
tialisation) and follows the δ2 development of the reference
LES data with a slight under-prediction. The shape fac-885
tor H12 is illustrated in Fig. 23 (b). A tendency of relam-
inarisation is seen at x ≈ 0.15m, but H12 re-approaches
soon the classic turbulent value. A similar relaminarisa-
tion trend is observed in the evolution of the friction co-
efficient Cf , depicted in Fig. 23 (c), before re-approaching890
the reference LES at about x = 0.175m. The instanta-
neous turbulent coherent structures are revealed by the
Q-criterion in Fig. 24. The short transition process is ob-
served at x ≈ 0.15m with large-scale structures that tran-
sition into smaller structures downstream. These results895
indicate that the velocity fluctuations generated by the
IVM allow the flow to recover the turbulent behaviour.
The mean velocity and velocity fluctuation profiles at
Reδ2 = 1968 obtained with the IVM are compared with
those from the reference LES, in Fig. 25. All the profiles of900
the IVM LES are in good agreement with the ones of the
reference data. This further evidences that the velocity
fluctuations generated by the IVM allow a quick estab-
lishment of turbulence.
In addition to the previous conventional analyses, the905
velocity-derivative skewness Sk, which relates to the bal-
ance of energy transfer, is scrutinised in Fig. 26, at a near-
wall location corresponding to y+ = 26.7 for Reδ2 = 1968.
In the reference full-length flat-plate LES, a uniform ve-
locity is imposed at inlet and the flow is transitioned by a910
tripping band at x ≈ 0.05m. Sk is around 0 downstream
of the inlet and finally oscillates slightly about a constant
value of −0.7 after a significant variation caused by the
transition. Concerning the IVM LES, Sk initiates at 0 as
the IVM does not provide fluctuations in the streamwise915
direction on the inlet plane. After a short transient pro-
cess, which is also visible in the evolutions of H12 and
Cf , the IVM LES and the reference LES overlap each
other. This confirms that the turbulence of both simu-
lations achieves high quality, in terms of the balance of920
energy transfer between large- and small-scale fluid mo-
tions. In particular, the IVM provides a very efficient way
of developing high-quality turbulence, in terms of adap-
tive distance. In agreement with the evolutions of H12 and
Cf , it appears that high-quality turbulence with equilib-925
rium of energy transfer between different scale motions is
established at x = 0.175m, corresponding to an adaptive
distance of 21δ(x = 0.175m). This value appears large
compared with the adaptive distance for channel flows.
However, the turbulent Reynolds number is greater than930
for the channel flow cases, and this might reduce the effi-
ciency of the synthetic turbulence methods, as suggested
by Jarrin et al. [17].
6. Conclusions
The present paper analysed and improved the VM of935
Sergent [1] for generating LES inflow conditions, which
are one of the most important issues in performing LES
for industrial applications. Numerical tests, in channel
14
Figure 23: Evolution of the flat-plate boundary layer: comparison between the reference LES and IVM LES. (a) δ2, (b) H12, (c) Cf .
IV
M
 inlet
Figure 24: Coherent structures revealed by the Q-criterion (Q = 2×
105 [s−2]), coloured by streamwise vorticity ωx, for the flat plate IVM
LES. For visualisation, the total length is split into two segments,
staggered from top to bottom.
Figure 25: Profiles of the flat-plate boundary layer mean velocity (a)
and velocity fluctuations (b) at Reδ2 = 1968.
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
x [m]
−2
−1
0
1
2
S k
 [-
]
LES ref.
LES IVM
Figure 26: Evolution of the flat-plate boundary layer velocity-
derivative skewness Sk at y
+ = 26.7 and Reδ2 = 1968.
and flat-plate flows, have been conducted. In all the cases,
with the aim of providing reference data, classic LES were940
conducted and validated against DNS. Using the same flow
configurations, results of spatially developing LES with the
IVM were checked against these reference data. In order
to better assess the results of LES, we also introduced a
new criterion based on velocity-derivative skewness, which945
evaluates the balance of energy transfer between large- and
small-scale fluid motions.
The five parameters involved in the IVM are :
1. vortex number N . The effect of the number of vor-
tices has been investigated by Sergent [1], and 800950
and 400 have been used respectively for the channel
flow and the flat-plate boundary layer in this paper.
2. vortex radius σ. It should be comparable to the inte-
gral length scale from the point of view of the energy
cascade, where large-scale eddies are responsible for955
the containing and transferring of energy.
3. vortex circulation Γ. It is determined by the root
mean square of the local velocity fluctuation derived
from the local turbulent kinetic energy assuming isotropic
turbulence.960
4. vortex free path λ. This is the distance travelled by
a vortex between two successive changes in its mov-
ing direction. λ should have an order of magnitude
similar to the vortex radius σ.
5. vortex reversal time ∆τ . The vortex reversal time is965
based on the turbulence time scale.
For IVM simulations, the evolution of turbulence and
its downstream characteristics are of great importance,
and depend on the IVM parameters. Parameter calibra-
tions and their validations on academic channel flows have970
demonstrated that the IVM can significantly reduce the
adaptive distance. The friction coefficient, the mean ve-
locity and the velocity fluctuation profiles can achieve ex-
cellent agreements with the reference data, at an adaptive
distance of only 6h for channel flows, downstream of the975
IVM inlet. This constitutes a significant improvement,
in terms of adaptive distance, compared with the VM of
Sergent [1, 15] (12h) and the synthetic eddy method of
15
Jarrin et al. [17, 18] (10h). The application on a flat-
plate boundary layer has also proved the capability and980
efficiency (measured again in terms of adaptive distance)
of the IVM. The adaptive distance to establish turbulence
for the flat-plate boundary layer studied is 21δ (δ is the
target nominal boundary layer thickness).
The success of the IVM in the test cases demonstrates985
its applicability for both internal and external flows. The
establishment of turbulence is faster compared with other
methods. The IVM, therefore, has a great potential to be
applied to more complex geometries.
In addition to the conventional criteria, the evolution990
of the velocity-derivative skewness has been scrutinised to
assess the development of turbulence. Similarly to what
is usually observed in experiments of grid turbulence and
DNS, downstream of the inlet, calculations with the in-
flow conditions generated by the IVM show that the de-995
velopment of turbulence is closely linked with the velocity-
derivative skewness Sk. Within the adaptive region, the
value of Sk originates from 0, then decreases and increases
back to a certain negative level. Finally, by the end of
the adaptive distance, it stabilizes around a negative value1000
about -0.5 in the fully developed turbulence region. It in-
dicates that the energy transfer between different scales
is balanced with the turbulent dissipation. Meanwhile,
it is observed that the friction coefficient Cf behaves in
a similar way and recovers to the expected value. Once1005
the convergences of Cf and Sk are achieved, the turbulent
flow reaches its fully developed state, i.e. the mean flow
and the Reynolds stresses converge. Thus we propose to
use the velocity-derivative skewness as a new criterion to
assess LES results.1010
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